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Although alerting effects of light have been observedSart Tilman
during the biological day, they have been most exten-4000 Lie`ge
sively documented during the biological night [8, 9].Belgium
We therefore assessed the regional cerebral blood flow2 Neurosciences et Syste`mes Sensoriels
(rCBF) by Positron Emission Tomography (PET) 12 timesUnite´ Mixte de Recherche 5020
at 20 min intervals between 12:30 and 4:30 am in a groupUniversite´ Claude Bernard Lyon 1 - CNRS
of 13 right-handed [10] male subjects. During the scans,69007 Lyon
the attention set was kept constant by asking the sub-France
jects to count deviant sounds in an auditory oddball3 Surrey Sleep Research Centre
paradigm [11] and fixate a red diode. The latter lightUniversity of Surrey
stimulus is unlikely to elicit any non-image-forming (NIF)Guildford GU2 7XP
response because the red light does not fall within theUnited Kingdom
known NIF action spectra and the illuminance level gen-4 De´partement de Neurologie (B35)
erated by the source is well below the threshold for anyCentre Hospitalier Universitaire
known NIF response. All scans were otherwise obtainedSart Tilman
in darkness. During the scans, the electroencephalo-4000 Lie`ge
gram (EEG) was recorded (at Fz, Cz, and Pz) continu-Belgium
ously to compute the P300 wave, a positive potential5 De´partement de Physique (B5)
occurring when the expected but unpredictable deviantUniversite´ de Lie`ge
auditory stimulus is detected [11]. A block of four scansSart Tilman
was repeated three times during the night. In each block,4000 Lie`ge
scans differed only by the duration (respectively 0.5, 17,Belgium
16.5, and 0 min, see Figure 1) of immediately preceding
exposure to bright broadband polychromatic white light,
which activates all photoreceptors known to be involved
Summary in NIF responses. Our aim was to demonstrate the pres-
ence of NIF responses in humans. The identification
The brain processes light information to visually repre- of the photoreceptors involved in these responses will
sent the environment but also to detect changes in require further experiments using monochromatic light.
ambient light level. The latter information induces non- Our design ensured that the detected rCBF changes
image-forming responses and exerts powerful effects reflect NIF responses because the alerting effect of light
on physiology such as synchronization of the circadian is not time locked to, but rather outlasts, the exposure
clock and suppression of melatonin [1, 2, 3]. In rodents, to light. The NIF response to light was independently
irradiance information is transduced from a discrete assessed by measurement of melatonin plasma levels
subset of photosensitive retinal ganglion cells via the as well as subjective alertness (Karolinska Sleepiness
retinohypothalamic tract to various hypothalamic and Scale, KSS [12]) sampled at regular intervals throughout
brainstem regulatory structures including the hypo- the experimental session (Figure 1B). As expected, this
thalamic suprachiasmatic nuclei, the master circadian light exposure regime decreased melatonin plasma lev-
pacemaker [4, 5, 6]. In humans, light also acutely mod- els. Light exposure also attenuated the decline of alert-
ulates alertness [7, 8], but the cerebral correlates of ness that occurs in the course of the biological night
this effect are unknown. We assessed regional cere- (Figure 1C).
bral blood flow in 13 subjects attending to auditory The main analysis of PET data identified the brain
and visual stimuli in near darkness following light ex- areas where the rCBF was significantly modulated by
posures (8000 lux) of different durations (0.5, 17, 16.5, the duration of the light exposure immediately preceding
and 0 min) during the biological night. The bright each scan. The simple main effect of the prior exposure
broadband polychromatic light suppressed melatonin to light was estimated according to the general linear
and enhanced alertness. Functional imaging revealed model at each voxel and statistical analyses were com-
that a large-scale occipito-parietal attention network, puted using a fixed effects model. Linear contrasts were
including the right intraparietal sulcus, was more ac- used to identify brain regions where the rCBF was posi-
tively modulated by the duration of prior light exposure.
As no prior knowledge was available concerning the NIF*Correspondence: pmaquet@ulg.ac.be
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Figure 1. Experimental Design, Neuroendo-
crine Results, and Behavioral Results
(A) Top panel: the three blocks of four scans
with their respective light exposure.
(B) Middle: plasma melatonin samples were
obtained after exposure to darkness (four
samples) or light (three samples) and were
expressed relative to the last sample ob-
tained before scanning (they were analyzed
using radioimmunoassay [Stockgrand Ltd,
UK]). Melatonin levels decreased during light
exposure and increased during darkness
(F[1]  11.83, p  0.0055).
(C) Bottom: alertness of the subjects as as-
sessed by the Karolinska Sleepiness Scale,
every 20 min, expressed as changes from the
average score of the baseline period (arbi-
trary units). The alertness decreases along
the night (F[2]  15.35, p  0.00005). This
decrease is significantly attenuated by light
exposure (F[3]  5.36, p  0.0037).
responses in the human brain, the statistical inferences likely that increased activity in the IPS in our experiment
reflects the light-induced modulation of attention di-were assessed conservatively on the whole cerebral
volume at the voxel level at p  0.05 with a correction rected to both visual and auditory stimuli.
As the same low-luminance visual stimulus was pres-for multiple comparisons based on the theory of random
Gaussian fields. ent in all scans, the change in activity in striate and
extrastriate regions cannot be explained by an immedi-Several cortical areas were more active in proportion
to the previous light exposure: the striate cortex, the ate change in visual input. A top-down influence from
the parietal regions onto the occipital cortices appearsright intraparietal sulcus (IPS), and, bilaterally, an extra-
striate area (Figure 2 and Table 1). The regional distribu- more likely. It is well known that attention can enhance
the baseline activity and neuronal response to visualtion of these robust effects suggests the light-induced
recruitment of a set of cortical areas involved in atten- stimuli in striate and extrastriate areas [18]. In nonhuman
primates, several areas in the IPS do project to visualtion. The behavioral and neurophysiological data con-
firm the successful recruitment of attention by the sub- areas [20, 21]. The top-down effect of IPS on early visual
areas is further supported by the results of psychophysi-jects during the scans. The performance on the auditory
task was near maximal under all conditions (0–1 error/ ological interaction. This analysis identified the changes
in functional connectivity that were modulated by thescan). Likewise, the P300 amplitude and latency did not
significantly vary along the night or with light exposure duration of light exposure before each scan [22]. There
is a significant interaction between measured activity incondition (p  0.05).
The parietal cortex, especially on the right side, has the parietal region and light exposure when trying to
explain activity in early visual areas. This can be interpre-long been implicated in attention [13, 14]. The right pari-
etal lobe has been shown to be activated in response ted as an increase in the effect of top-down parietal
influences on visual cortical activity, which depends onto auditory attention tasks. It is activated when subjects
are asked to attend to sound pitch or spatial localization light exposure.
No change in rCBF, in relation to the auditory task,[15–17]. The parietal areas involved in visual attention
overlap with those participating in auditory attention was observed in temporal areas. However, in contrast
to occipital areas in visual attention tasks, the auditory[17]. During visual attention tasks, functional imaging
studies often report activation in the superior parietal areas in the temporal lobe are not systematically acti-
vated by auditory attention [16, 17]. Consequently, ourlobule or, less consistently, in the inferior parietal lobule
[18]. More recently, it was shown that several sites in current data do not rule out a modulation of auditory
areas by higher order parietal areas.the intraparietal sulcus (IPS) are specifically activated
when the subject has to direct and maintain his visual An alternative hypothesis for this cortical activation
pattern would be that the visibility of the dim spot variesattention on a specified location [19], a condition that
corresponds to our experimental situation. It seems over the period of dark adaptation. This alternative ex-
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Figure 2. Cortical Areas where the rCBF Is
Significantly Increased in Proportion to the
Duration of the Previous Exposure to Light
Left panels: functional data displayed at p 
0.05 (voxel level), superimposed on the mean
normalized MR scan. The relevant coordi-
nates are in mm within the stereotactic space.
Right panels: plots of the adjusted rCBF at
the coordinates displayed in Table 1 (error
bars  SEM) for the four scans of the blocks.
For display, the adjusted rCBF were normal-
ized to the maximum rCBF.
(A) The right intraparietal sulcus (IPS, frontal
and transverse views). The activated area lies
in the depth of the anterior part of the IPS.
(B) The striate cortex and extrastriate areas
(sagittal and transverse views). (Ba) striate
cortex; (Bb) left extrastriate cortex; (Bc) right
extrastriate cortex.
planation seems unlikely. First, the reversal of dark ad- strengthen the interpretation that the observed effects
reflect changes in attention mediated by non-classicalaptation is a very rapid process. If dark adaptation were
the main mechanism underlying these effects, the main visual mechanisms, future experiments in which the at-
tention set consists exclusively of auditory stimuli aredifference in rCBF would be between the light conditions
on the one hand and the long dark condition on the needed to demonstrate empirically that variation in vi-
sual sensitivity indeed does not contribute to the ob-other hand. The activation pattern during the three scans
immediately after light exposure (scans 1,2, and 3) would served effects.
In rodents, one of the best-known irradiance detectionbe similar and significantly differ from the brain response
observed in the scan following the longer period of dark- responses is a change in firing rate in SCN neurons [26].
The firing rate of SCN neurons typically increases duringness (scan 4). This is not consistent with our results.
Second, the red diode was fixated. This implies that light light exposure but shows a substantial and prolonged
(i.e., several minutes) undershoot when the light is switchedwas falling on the fovea. Dark adaptation for centrally
fixated fields is minimal [23]. Third, the diode was red: off (Figure 5 in [26], and the firing rate of hypothalamic
neurons outside the SCN can be suppressed by lightvariation in threshold illuminance is minimal for longer
wavelengths [24, 25]. Although these considerations (H. cooper, personal communication). The responsive-
ness of SCN neurons is maximal during nighttime. In the
present study, most of the scans started nearly immedi-
ately after the light was switched off (Figure 1). LinearTable 1. Significant Increases in rCBF in Proportion to Previous
Exposure to Lighta contrasts were used to identify brain regions where the
rCBF is negatively modulated by the duration of priorArea x y z Z score
light exposure. A significant decrease in rCBF at switch-
Striate cortex 2 90 8 6.83 off was found in the suprachiasmatic region (peak
Left extrastriate cortex 36 68 8 5.86
voxel  [8 0  10]; Z  3.27; pSVC  0.02; Figure 3). TheRight extrastriate cortex 38 68 0 4.81
spatial resolution of PET scanning does not allow us toIntraparietal sulcus 32 32 44 5.07
specify the nuclei included in the deactivated area. We
ap  0.05, corrected at the voxel level.
surmise that the latter correspond to the SCN, and other
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Figure 3. Suprachiasmatic Area where the
rCBF Is Significantly Decreased in Proportion
to the Duration of the Previous Exposure to
Light
Left panel: functional data displayed at p 
0.001 (uncorrected), superimposed on a
parasagittal view of the mean normalized MR
scan (x coordinate: 2 mm). Inset: blow up of
the hypothalamic area. Right panel: adjusted
rCBF (error bars  SEM) for the four scans
of the blocks at 8 0 –10 mm. For display, the
adjusted rCBF were normalized to the maxi-
mum rCBF.
subjects were instructed to fixate a small red diode positioned athypothalamic structures involved in NIF responses in
100 cm (illuminance at eye level: 0.01 lux, which corresponds torodents, such as the subparaventricular zone or the ven-
9.3 1010 photons/cm2  s, i.e., 0.028 W/cm2; max: 660 nm; halftro-lateral preoptic area [6].
bandwidth: 640–680 nm). Except for this visual stimulus, the scans
How the irradiance information detected by the early were acquired in complete darkness.
NIF system eventually modulates cortical activity cannot
be derived from our data. Subcortical activating struc- Design
tures, such as the locus coeruleus [27] or the histaminer- The same blocks of scans were repeated three times during the
night. Each block consisted of four scans with an interscan intervalgic neurons of the posterolateral hypothalamus [28], that
of 20 min after exposure to light of varying duration: respectivelyare involved in indirect pathways are likely candidates
0.5, 17, 16.5, and 0 min (Figure 1). Each scan was composed of twofor modulatory structures that indirectly receive the irra-
frames, a background frame of 30 s and an active frame of 90 s.
diance information. When preceded by a light exposure, the light source was switched
Given the widespread influence of these structures off 20 s before the second frame. Thus, the four scans were pre-
on the whole forebrain, it is likely that light globally en- ceded by 0.3, 0.3, 0.3, and 20.3 min, respectively, of darkness. The
light exposure consisted of bright broadband polychromatic whitehances the responsiveness of cortical neural popula-
light, which activates both classical and nonclassical photorecep-tions thereby facilitating the processing of external as
tors (8000 lux, which corresponds to 6 1015 photons/cm2  s, i.e.,well as internal inputs. As the subjects were engaged in
2000 W/cm2; Light Visor – Schre´der-ECLAT (emission cible´e de
an attentional task, the regional activity pattern reported lumie`re anathymique), Lie`ge, Belgium; white light source OSRAM,
here reflects such a task-dependent enhancement of spectral range 420–650 nm with local power maxima at 435 nm
cortical response rather than a specific effect of light (19.5% total power), 486 nm (18.6%), 546 nm (31.6%), 579 nm (7.9%),
and 615 nm (22.3%); color temperature: 2700 K. This design ensuredirradiance information on parietal and occipital areas.
that the detected rCBF changes reflect NIF responses because the
alerting effect of light is not time locked to, but rather outlasts, theConclusions
exposure to light.
Our results demonstrate that NIF responses in humans
extend to modulation of a large-scale network of cortical
Behavioral, Neuroendocrine,
areas involved in attention. These data have important and Electrophysiological Analyses
implications for the understanding of the effects of light Repeated measures ANOVAs assessed the effect of light exposure
(df  3 for KSS, P300 amplitude and latency; and df  1 for melato-on human cognition and the design of novel lighting
nin) and time-in night (df  2) as within factors.environments to improve alertness and performance.
Experimental Procedures PET and MRI Acquisitions and Analyses
PET data were acquired on a Siemens CTI 951 R 16/31 scanner
Subjects in 3D mode. RCBF was estimated during 12 emission scans by
Subjects (age 20–36 years) had neither a history of medical, neuro- automated slow intravenous water (H215O) infusion (6 mCi/222 MBq
logical, or psychiatric disease nor of visual or auditory deficits. None in 5 ml saline). Data were reconstructed with a Hanning filter (cutoff
of them were on medication. The subjects had regular bedtimes frequency: 0.5 cycle/pixel) and corrected for attenuation and back-
between 11:00 pm and 12:00 am as verified by wrist actigraphy ground activity. A transmission scan was acquired for performing
(Actiwatch-L, Cambridge Neurotechnology, UK), and none of them measured attenuation correction.
were either extreme morning or evening types [29]. After giving their Structural T1-weighted MRI scans of the subjects were obtained
written informed consent, they were included in the study approved with an Allegra 3T MR (Siemens, Erlangen, Germany) with an
by the Ethical Committee of the University of Lie`ge. MPRAGE (magnetization prepared rapid gradient echo) sequence
(voxel size  0.9  0.9  0.9 mm; TR  1960 ms; TE  4.43 ms;
FA  8).Procedure
In the evening of the experimental session, the subjects remained PET data were analyzed using the Statistical Parametric Mapping
software SPM2 (http://www.fil.ion.ucl.ac.uk/spm/). They were re-seated in a light-controlled room at 1 lux between 10:00 pm and
12:00 am (baseline). They were installed on the PET scanner and aligned, normalized into the stereotactic space of the Montreal Neu-
rological Institute, and then smoothed (16 mm FWHM [full width atthe light was switched off (0.01 lux) from 12:00 am to 12:30 am.
Regional cerebral blood flow (rCBF) was measured between 12:30 half maximum]).
Global flow adjustment was performed via proportional scaling.am and 4:30 am while subjects were submitted to an auditory odd-
ball paradigm [11] and had to count the deviant tones (2000 Hz) The design matrix included a regressor representing the duration
of the exposure to light immediately preceding each scan and twopresented through earphones within randomized series of monoto-
nous tones (1000 Hz). To avoid artifacts due to blinks and eye move- other regressors, the cumulative time across the night and the dura-
tion of light exposure by time-in-night interaction. Linear contrastsments on EEG recordings and reduce variation in light exposure,
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were used for identifying brain regions where the rCBF was (posi- S.M. (2003). Daytime exposure to bright light, as compared to
dim light, decreases sleepiness and improves psychomotor vig-tively or negatively) modulated by the duration of prior light expo-
sure. These contrasts generated statistical parametric maps ilance performance. Sleep 26, 695–700.
10. Oldfield, R.C. (1971). The assessment and analysis of handed-(SPM{T}) thresholded at p  0.001. As a rule, statistical inferences
were performed at the voxel level at p  0.05 after a correction for ness: the Edinburgh inventory. Neuropsychologia 9, 97–113.
11. Sutton, S., Braren, M., Zubin, J., and John, E.R. (1965). Evoked-multiple comparison based on the theory of random Gaussian fields
over the whole brain volume. In contrast, looking for activity de- potential correlates of stimulus uncertainty. Science 150, 1187–
1188.creases at light switch off; the search volume included only the
anterior part of the hypothalamus, given our prior knowledge of 12. Akerstedt, T., and Gillberg, M. (1990). Subjective and objective
sleepiness in the active individual. Int. J. Neurosci. 52, 29–37.activity modulation by light in rodents. For this contrast, a small
volume correction at p  0.05 was applied on a sphere of 10 mm 13. Mesulam, M.M. (1990). Large-scale neurocognitive networks
and distributed processing for attention, language, and mem-located in the suprachiasmatic region, as localized independently
on the mean-normalized structural image (reference coordinates  ory. Ann. Neurol. 28, 597–613.
14. Posner, M.I., and Petersen, S.E. (1990). The attention system0 0 8 mm). For the psychophysiological interaction, a new linear
model was constructed using three regressors (plus the covariates of the human brain. Annu. Rev. Neurosci. 13, 25–42.
15. Zatorre, R.J., Mondor, T.A., and Evans, A.C. (1999). Auditoryof no interest as in the initial model): the duration of light exposure,
the activity in the reference area, the IPS, and the interaction of attention to space and frequency activates similar cerebral sys-
tems. Neuroimage 10, 544–554.interest between the first (psychological) and second (physiological)
regressors. Significant contrasts for this psychophysiological re- 16. Weeks, R.A., Honda, M., Catalan, M.J., and Hallett, M. (2001).
Comparison of auditory, somatosensory, and visually instructedgressor indicated a light-induced change in the regression coeffi-
cients between any reported brain area and the reference area. and internally generated finger movements: a PET study. Neu-
roimage 14, 219–230.The inference was performed at the voxel level at p  0.05 after a
correction for multiple comparison based on the theory of random 17. Bushara, K.O., Grafman, J., and Hallett, M. (2001). Neural corre-
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